The aim of this work was to investigate the effectiveness of a high voltage multi-spark electric discharge, with pulse energy of 1 Joule, in killing microorganisms in wastewater. Wastewater from primary treated effluent arising from domestic and industrial sources was abstracted for continuous pulsed discharge disinfection. The wastewater contained a large mixed population of microorganisms (|10 7 CFU ml −1 [10 9 CFU 100 ml −1 ] total aerobic heterotrophic bacteria) including vegetative cells and spores. The electrical conductivity of the wastewater ranged from 900-1400 µS cm −1 and it was shown that a specific energy of 1.25-1.5 J cm −3 was required to achieve 1 log reduction in bacterial (faecal coliforms/total aerobic heterotrophs) content. This is higher than that previously shown to reduce the population of E. coli in tap water of low conductivity, demonstrating the role of total wastewater constituents, including dissolved and particulate substances, water colour and the presence of microbial spores, in effective disinfection. The system can be engineered to eradicate microbial populations to levels governed by legislation by increasing treatment time or energy input.
INTRODUCTION
High voltage electrical discharge in water (Goryachev et al. 1998; Anpilov et al. 2001) has been considered as a potential method of water treatment to kill microorganisms, negating the use of chemicals such as chlorine that leads to disinfection by-products (acetaldehydes, haloacetic acids, haloacetonitriles, haloketones and trihalomethanes) which may additionally compromise human health (Sketchell et al.1995; Van Leeuwen, 2000; von Gunten et al. 2001) . Factors favouring their use in microbial disinfection include the generation of UV radiation (especially effective near wavelengths of 254 nm), acoustic, shock waves, chemically active substances (e.g. hydroxyl ions and hydrated electrons), cavitation processes in an acoustic wave field, pyrolysis and hydrolysis (Yutkin 1986; Anpilov et al. 2002) . There are also possible synergetic effects following physical and chemical reactions.
The main literature on microbiological disinfection of water deals with the use of electric discharges in microbial destruction under physiologically relevant conditions (solutions), and in drinking and natural waters utilizing specific microbial populations (Goryachev et al. 1998) .
Such studies, carried out under laboratory conditions, show the effectiveness of the killing process with values of 0.5-1.0 J cm − 3 for a 1 log microbial reduction (Goryachev et al. 1998) . Anpilov et al. (2002) used pulsed electric discharges utilizing a multi-electrode Slipping Surface Discharge (SSD) treatment system to kill E. coli and viruses (coliphages) in tap water of low conductivity. The energy required for a 1 log reduction of coliphages (0.15 J dent that conductivity, colour and dissolved and particulate substances in the water affect treatment using low energy discharges. The literature on the use of pulsed electric discharges for wastewater treatment is scarce (Goryachev et al. 1998 ) and this is especially true for systems using low energy pulses.
The possibility of using low energy (∼1 J) discharge technology for the disinfection of real wastewaters is an interesting and realistic proposition. In this study we have devised an experimental system based on SSD devices to disinfect wastewater following primary treatment (it can also be used following secondary sewage treatment). The SSD system differs from well-known 'needle-plane' discharge devices (Efremov et al. 2000) . The multi-electrode design reduces wear of the electrodes and can be used to affect treatment of large volumes of water (PCT 1999; Anpilov et al. 2001 Anpilov et al. , 2002 . The absence of sharp edges on electrodes additionally increases the durability of the system. This discharge is achieved in a water-gas mixture that is formed when gas bubbles emanate through the inter-electrode spaces. Liquid and gas phases and plasmaliquid boundaries in the discharge generate a variety of chemically active substances. Gas bubbles tend to significantly lower the breakdown threshold and can easily produce discharges in waters with high conductivities.
The main aim of the present study was to determine the effectiveness of microbiological disinfection of real wastewater arising from domestic and industrial sources.
This work deals with specific energy input into water necessary to achieve a 1 log reduction in the mixed bacterial population of this natural effluent. In the study, the physics of the discharges was investigated as well as the microbiological aspects. This report deals primarily with the microbiological effects of treatment under the different conditions imposed.
MATERIALS AND METHODS
The SSD treatment system A diagrammatic representation of the experimental system is presented in Figure 1 . 
Effectiveness of the discharge energy transformation is calculated by:
Wastewater treatment
Water treatment was carried out using wastewater directly 
Microbiological analyses
Sampling for microbiological (bacterial) analyses was done from both the inlet and outlet ports of the reaction chambers. Wastewater treatment was carried out over a period of time to allow 30 samples each of inlet (untreated) and outlet (treated) water to be recovered at intervals representing the HRT. In calculating microbial destruction, the average populations in the replicate inlet and outlet samples were utilised. Temporal variations in wastewater populations were expected and indeed found for experiments utilising different flow rates and carried out on successive dates, each over a period of 1.5-2.5 h.
The experiments were done in triplicate for the 2.5 min HRT treatment; in duplicate for the 2 and 1.5 min HRT treatments and as a single analysis for the 1 min HRT treatment.
All samples for microbiological analyses were analysed by Scottish Water Scientific, Edinburgh, Scotland (NAMAS Accredited). They were dispatched for processing within 1-2 h of sampling. Bacterial enumerations were made using spread plating techniques, for total aerobic heterotrophic bacteria (TAB) using total plate count agar (incubations at 22°C) and faecal coliform (FC) bacteria using McConkey's Agar (incubations at 37°C). All results are expressed in Colony Forming Units (CFU) ml − 1 .
Chemicals analyses
Natural wastewater, which showed temporal changes in physicochemical factors, was treated by the SSD system.
Wastewater characteristics including conductivity, metal analyses and other physicochemical factors were monitored and analyses carried out by Scottish Water Scientific (Table 1 shows selected analyses).
RESULTS
Figures 3 and 4 show the changes in bacterial populations before (inlet) and after (outlet) treatment by the SSD system. Only the data for wastewater with a 2.5 min hydraulic retention time (HRT) are presented for experiments carried out on different days.
It is evident that up to 3 log reductions in populations were achieved for FC (Figures 3(a) and 4(a)) and TAB (Figures 3(b) and 4(b)) although this was not consistent. The inlet microbial populations were variable and these were significant over the ∼1.5-2.5 h treatment period. Figure 5 shows the conductivity changes of the wastewater during experiments carried out for the different HRT. Thirty samples were taken for each experiment. The conductivity varied between 900-1400 µS cm − 1 and not more than 10-15% for any given day. Dependence of bacterial decay (logN/N 0 ) on specific energy input is presented in Figure 6 . All points represent the mean of 3 replicates with 30 sampling points. Specific energy input g was determined by:
where f = frequency of pulse sequence in Hz; t = duration time in seconds (s); V = volume of the treated water in cm 3 and U = water flow rate in cm 3 s − 1 . In the systems used 1 pulse energy contribution into discharge (W p ) was ∼0.4 J cm − 3 . It follows from Figure 6 that the specific energy input (g 0 ) necessary for 1 log reduction in the number of faecal coliforms and total aerobic heterotrophic bacteria differs slightly and is within the range 1.25-1.5 J cm − 3 .
DISCUSSION
The sterilising influence of high-voltage pulse discharges on microbial cells can be approximated by the following exponential decay equation: content, etc. (Table 1) In addition, the quartz walls of these lamps act as a barrier to the short wavelength spectrum of UV radiation and glass surfaces are subject to fouling, reducing sharply the UV lamp's effectiveness with time. Both low-and medium-pressure mercury lamps are used for the microbial disinfection of potable water and wastewater (Gehr & Wright 1998; George et al. 2002; Huffman et al. 2002; Modifi et al. 2002) . The low-pressure lamps are primarily used, emitting non-ionising UV radiation with a wavelength of 254 nm that is absorbed by and causes damage to DNA through the formation of photoproducts (mainly thymine dimers (von Sonntag & Schuchmann 1995) ).
Medium-pressure lamps are not common and they generate a broader UV spectrum.
Microorganisms differ in their ability to resist damage to DNA following a dose of UV and this is dependent on the physical structure of the microorganisms (affecting UV penetration) and their ability to repair the damage to genetic material. Bacterial repair mechanisms involve the SOS response activated by the RecA genes (Friedberg et al. 1995; Little & Mount 1982) . It has been shown that, following UV treatment, photochemical damage of DNA can be reversed in microorganisms under visible light irradiation (photoreactivation). It is therefore possible, following inactivation, for microorganisms to regain viability.
In the SSD systems used to generate UV in this study it has been shown that oxidising species including ozone, H 2 O 2 and free radicals such as hydroxyl radicals and hydrated electrons are formed due to the UV spectrum produced (Anpilov et al. 2001) . These Using lamps, it has been determined that the UV doses necessary to inactivate microorganisms depend on the type of organism and the required rate of inactivation with values ranging from 2 to 130 mJ cm − 2 (Wedemeyer 1996) . acoustic shockwaves generated by the SSD system, which are also able to break up flocs within wastewater, enable better UV contact and effects on microorganisms.
The shockwaves can additionally act to inactivate the bacteria (see Loske et al. 2002) .
If one ignores the drawbacks inherent in UV lamps, making a comparison of their energy efficiency in wastewater treatment with the SSD system is rather problematic, as this comparison must be done under the same experimental conditions, which is difficult. According to Shmeliov et al. (1996) , UV lamps with energy consumption up to 30 Wh m − 3 (0.11 J cm − 3 ) and treating drinking water containing 10 4 CFU cm − 3 E. coli gave a bacterial reduction equal to 99.7-99.99% (∼4 log), which is more effective than the SSD system (Anpilov et al. 2002) . In the case of turbid wastewaters, the problems of using UV lamps become more important and the proposed low energy SSD treatment system can be a viable alternative as a disinfection technology. In some cases a combination of the SSD system and UV lamp treatment can provide an effective and more efficient treatment alternative.
This study has demonstrated the effectiveness of the SSD system in microbial disinfection of wastewater. It utilises a combination of effectors of microbial viability including pulsed UV plasma, acoustic shockwaves, ozone, free radicals, hydrated electrons and other chemically active substances. The system can be engineered to eradicate microbial populations to levels governed by legislation by increasing treatment time or energy input.
